The compost worm Eisenia andrei is a commonly used test species in soil. Because the earthworm's behaviour in soil is important for the uptake of contaminants, we studied the feeding behaviour of adult and juvenile earthworms in two field contaminated soils. Gut load was determined based on the faecal output. Carbon analysis was used to determine digestion, compaction and selection of a specific part of the soil. Lutetium was used as an inert marker to determine the retention time of soil in the gut. Although E. andrei is not commonly found in mineral soils, results show that it feeds on the two field contaminated soils and selects an organic enriched fraction from the bulk soil (approximately by a factor 2). Based on its feeding behaviour, E. andrei does not have to be dismissed as a suitable test organism for soil bioassays. Results indicate retention times of 3 or 4 hours for adults and 11 or 13 hours for juveniles (depending on soil type/properties), opposite to the expectation that adult animals will have a larger retention time than juvenile animals. The gut load was approximately 6 or 10 %, and digestion efficiency 47 % or 34 %, both parameters depending on soil type. No clear differences between juveniles and adults were found, except for the gut retention time. Soil type, however, does influence the feeding behaviour of E. andrei and therefore most likely the uptake of contaminants from the soil.
This species is therefore not an obvious choice for bioassays with field soils (Edwards & Coulson 1992) .
In a previous contribution (Jager et al. 2003) we quantified the feeding of E. andrei in artificial soil. The results clearly indicated that this species feeds readily on this medium, and is able to select and digest organic particles from the artificial soil.
The objective of the current study was to describe the feeding behaviour of E. andrei in two field-contaminated soils. Furthermore, we differentiated between two size classes (adults and juveniles), as size is likely to influence feeding rates (Bolton & Phillipson 1976) . To this end, several feeding parameters were determined experimentally: selection of organic matter (OM) from soil, weight decrease of the gut contents due to digestion of organic matter (compaction), digestion efficiency, gut load, and gut retention time.
Materials and Methods

Soil characterization
Two locations were selected, where the contamination originated from harbour sludge (Rotterdam and Schagen) that was deposited on land. The Rotterdam soil was deposited on land in the late 1970s and the Schagen soil approximately one year before sampling.
In both cases, vegetation was removed from the soil surface and approximately 15 kg Schagen soil and 60 kg Rotterdam soil from the top 20 cm was collected. Next, both soils were sieved through a 4 mm-mesh size and brought to 50 % of their Water Holding Capacity (WHC). Organic matter content, pH (KCl) and soil particle size (NEN5753 1991) were determined for both soils (Table 1) .
Artificial soil (OECD 1984) was used as a pre-treatment medium for the earthworms. The pH was set at 7.1 (to resemble the pH of the test soils) by adding CaCO 3 and the soil was brought to WHC50. Prior to use, the soils were stored at 5°C in the dark.
Pre-treatment
Earthworms (Eisenia andrei) were obtained from mass cultures at our institute (bred on horse manure, temperature 20 ± 2°C). Adults with a well-developed clitellum were used. Pre-treatment was performed to acclimatise the earthworms to soil as medium. The animals were allowed to empty their gut on moist filter paper for at least 24 hours at the test temperature. Next, 3 or 4 earthworms (depending on the experiment) were added to test containers with 50 g OECD medium (wwt) per worm for at least 5 days (pre-treatment). The weight of individual earthworms was 0.359 ± 0.037 g and 0.218 ± 0.031 g wwt for adults and juveniles, respectively. Experiments with juveniles and adults were performed in separate containers. After the pre-treatment period the earthworms were collected, weighed and pooled. Next, 3 or 4 specimens were collected, weighed and transferred to one of the test soils.
Experimental conditions
Experiments were conducted in the dark (preventing disturbance of the earthworms) at 18 ± 2°C. Plastic test containers were filled with 50 g soil (wwt) per worm and the containers were sealed with a perforated lid. Prior to incubation, the containers including soil and earthworms were weighed. During the experiments, the containers were regularly weighed to examine water loss, and tap water was added if necessary.
Carbon analysis of soil and crop and gut content
Five containers with three worms each were used for each treatment. After one week under the experimental conditions, the animals were collected, weighed and killed by brief immersion in hot tap water. The crop content (representative of ingesta) and the gut content from the last 1 cm of the posterior gut (representative of egesta) were collected by dissection. Crop contents of three animals were combined and weighed into aluminium cups, whereas the gut contents were analysed separately. Samples of both soils were taken and weighed into cups. All samples were freeze dried for at least 48 hours prior to analysis. Carbon analysis was performed using an elemental analyser (Fison Instruments Model EA 1108, Rodana, Italy). Carbon levels were transformed to organic matter levels (F om ) by multiplication with 1.7. Digestion of organic matter during gut passage (F digestion ) will result in a weight decrease of the gut content (F compaction ). If digestion is the only factor responsible for the weight decrease, the following relation can be derived:
where F om-ingesta is the fraction of organic matter in the ingested soil (measured in the crop). When compaction is taken into account, the digestion of organic matter during gut passage can be calculated from F om in ingesta and egesta (Jager et al. 2003) :
where F om-egesta is the fraction of organic matter in the content of the posterior 1 cm of the gut. The experimental results also allow calculation of the ratio between the organic matter fraction of the content of the crop and the bulk soil, indicating the ability of the earthworm to select an organic matter enriched fraction of the soil (F selection ).
Determination of gut content and the solid fraction of the earthworm
Four animals were placed in a container with Rotterdam soil or Schagen soil (4 containers per treatment). After one week, the worms were collected, weighed and allowed to void their gut for 24 hours on moist filter paper. Because a small part of the gut contents still remained after the first 24 hours, the worms were weighed again and put on moist filter paper for another 24 hours. Finally the worms were weighed and frozen at -20°C. Gut contents were collected, dried overnight at 80°C and weighed. After freeze-drying for 48 hours, the worms were weighed again. The weight fraction of the egesta (F egestion ) was taken as the total dry weight of gut contents evacuated in 48 h, divided by the worm wet weight after 24 h.
Because of compaction of the gut contents, F ingestion (weight fraction of the ingesta) is not equal to F egestion . Multiplying F egestion with F compaction (Eq. 1) results in an estimate of F ingestion . The relative weight of the gut contents present in a living worm can be calculated as the average of F egestion and F ingestion . The dwt/wwt ratio of the earthworm (F solids ) is calculated by dividing the weight of empty worms after freeze-drying by the weight before freeze-drying.
Determination of gut retention time
Previous experiments showed that lutetium (Lu) could successfully be used as an inert marker of the soil (Jager et al. 2003) . The Rotterdam soil originally contained 0.51 mg Lu/kg soil (dry wt), Schagen soil 0.97 mg Lu/kg soil and artificial soil 0.042 mg Lu/kg. Both Rotterdam and Schagen soil were spiked with additional Lu (LuCl 3 · 6H 2 O, purity 99.9 %; Alfa Aesar, Karlsruhe, Germany). The salt was dissolved in tap water and mixed into dry Rotterdam-and Schagen soil using a high speed blender, to give a nominal concentration of 10 mg Lu/kg soil dry wt. Both soils were hydrated to WHC50. To achieve equilibrium, the soils were stored separately in closed plastic containers at 5°C for approximately 5 weeks prior to the experiments.
Subsequently, the soils were divided into several containers (150 g per container), each holding three earthworms. After an exposure period of 0, 1, 2, 3, 5, 7 and 16 hours the animals were recollected, rinsed in tap water, weighed and frozen at -20°C, including their gut content.
In order to examine the uptake of Lu in the worm tissue, three juvenile earthworms were exposed for 48 hours to spiked Schagen soil. Next, they were allowed to void their gut for 24 hours on moist filter paper. After 24 hours the animals were weighed, transferred to new filter paper, allowed to empty their gut for another 24 hours, weighed again and finally frozen at -20°C. Accumulation of Lu by the worm tissue was approximately 3 % of total Lu uptake (including gut content), which is considered negligible.
Earthworms and samples of both soils (original and spiked) were freeze-dried for at least 48 hours. Next, the samples were digested as described by Janssen et al. (1997a, b) . Blank samples were included to assess possible contamination in the digestion procedure and the proper functioning of the microwave oven. The certified reference material SRM 2710 "Bovine liver Dorm-2"(NIST, Gaithersburg, MD, US) was used to check the digestion procedure. Because Lu was not certified in this material, Al, Ba and Cd were used as target compounds for digestion efficiency (assuming that they are representative for the spiked Lu). The recovery of the target compounds was within the certified range (average 105 % of certified value). The digests were analysed for Lu using an ICP-MS (ELAN6000, Perkin Elmer, Norwalk, CT, USA).
Model used to analyse experiments with inert markers
When earthworms are transferred from the artificial soil to one of the Lu-spiked soils, the concentration of Lu in the worm gut will increase until the entire gut is filled with Lu-spiked soil (assuming perfect "plugflow" conditions). This uptake can be described (Jager et al. 2003) by: The selected sampling times were based on the expectation that the worms would start to feed immediately from the Lu spiked medium. As we observed a lag time (worms did not feed immediately), the resulting data points are insufficient to properly identify the model parameters of Eq. 3. Instead of a Bayesian approach as proposed earlier, we adopted a simple leastsquares optimisation to estimate the lag time, retention time, and selection factor for Lu (the other parameters are fixed to their value as given in Table 2 and 3, and data were first log-transformed).
Results
Carbon analysis
The dissection and subsequent determination of the carbon in the crop contents and posterior gut provide estimates for selection, digestion and compaction ( Table 2) . In both soils, the earthworms select a fraction of the soil that is approximately a factor 2 more organic than the bulk soil, but no significant differences between adults and juveniles were noticed. Rotterdam soil appeared to be digested more readily, leading to differences (P < 0.05) in compaction between the two soils. Nevertheless, fresh weight of adult and juvenile worms in Rotterdam soil decreased by 12 % and 13 %, respectively, whereas the fresh weight of adults and juveniles in Schagen soil increased by 10 % and 16 %.
Determination of gut content and the solid fraction of the earthworm
No significant differences were found in egestion, or the solid fraction of the worm, between adults and ju-veniles in either of the soils (Table 3) . However, there seems to be a difference in egestion (and thus gut load) between the soils, where the gut load of the worms in Schagen soil appears to be higher than in Rotterdam soil.
Gut retention time and selection factor (lutetium analysis)
The retention time appeared to be larger in juveniles than in adults and selection of Lu is less in Rotterdam compared with Schagen soil (Table 4) , resulting in lower levels of Lu in the worm gut (Fig. 1 ).
Discussion
The current study showed that E. andrei is able to select an OM enriched fraction from contaminated field soils, just like typical soil dwellers such as Aporrectodea rosea (Bolton & Phillipson 1976) . A selection factor for organic matter of 2 was found for both test soils, which is in accordance with a selection factor of 2.1 found for E. andrei in OECD medium (Jager et al. 2003) . The observed digestion efficiencies (± 50 % in Rotterdam soil and ± 35 % in Schagen soil) in this study are within the same range as in our previous study with artificial soil (40 %; Jager et al. 2003) , and also close to the values given for A. longa and Lumbricus terrestris (30-40 %) by Morgan & Morgan (1992) . However, the latter two species are larger than E. andrei and have a much higher gut retention time (20 hrs for L. terrestris, Parle 1963) . The observed values are also much higher than those found for Aporrectodea rosea (2 %; Bolton & Philipson 1976) . Although the difference was not significant, there seems to be a slightly higher digestion in Rotterdam soil than in Schagen soil, which may possibly be attributed to the higher organic matter content of the Rotterdam soil (15.72 % vs 8.35 %). Because of the higher digestion, the compaction efficiency is also higher in Rotterdam soil than in Schagen soil.
No differences were found for the solid fraction of the animals between the treatments, which is to be expected when the soils do not have any negative effects on the animals. Animals in Rotterdam soil seem to have a slightly lower egestion than animals in Schagen soil (though not significant). This can be partly attributed to the higher digestion and subsequent uptake in the tissue of animals in Rotterdam soil, leaving less material to be egested. Ahrens et al. (2001) found that the retention time of sediment in Nereis succinea (Polychaeta) was 5-10 times greater in adults than in juveniles, which is the opposite of our findings. However, Hartenstein et al. (1981) found a retention time at 25°C for Eisenia fetida of 2.5 hours which was independent of weight or length of the worm. They also examined the effect of temperature on the retention time and showed a retention time of approximately 3.5 hours at 18°C. This corresponds very well with the retention time we found in this study for the adults in both soils. The selectivity factor found in the spiking experiment dif- fered from the selectivity factor for organic matter found in the carbon analysis experiment. This can be explained by the binding of Lu to other soil particles than just the organic matter. Juvenile worms showed a much longer retention time than adults (10.92 hours in Rotterdam soil and 12.51 hours in Schagen soil), which is comparable with values found for Lumbricus festivus (Hendriksen 1991) and Lumbricus rubellus and A. caliginosa (Piearce 1978) .
In contrast to our previous study (Jager et al. 2003 ), we observed a clear lag time in feeding after the introduction of the worms into the test containers, which is probably caused by differences in soil characteristics between the test soils and the pre-treatment artificial soil. Therefore, using unspiked test soil for pre-treatment is recommended when studying the retention time of soil in a worm.
Although E. andrei is a compost worm, it is capable of feeding on field soils, selecting a fraction enriched in organic matter. Therefore, E. andrei does not have to be dismissed as a worm unsuitable for conducting bioassays. Apart from the gut retention time, there were no clear differences found in feeding behaviour between adult and juvenile animals. However, our results indicate that the type of soil that was presented to the animals did result in different feeding behaviour, which is also likely to affect the uptake of contaminants.
